Abstract:
INTRODUCTION
In Paris Climate Conference 2015, 195 countries in the world have made an agreement to restrict the global average temperature rise below 2 °C, with a requirement of below 1.5 °C above the pre-industrial level [1] . Many countries have been trying to reduce greenhouse gas emission effectively. Transportation fields account for about 23% of greenhouse gas emissions specially in diesel engine [2] . The fuel consumption reduction in transportation fields is a critical issue in the whole world. One of the effective way to reduce fuel consumption and Electric Turbo Compounding System (E-TCS) has been researched globally. The overall system of E-TCS is shown in Fig. (1) . During low engine speed, since the energy from exhaust gas is insufficient, additional power source is required. In this case, the motor assists the compressor and therefore dynamic characteristic and output of engine is increased. On the other hand, during high engine speed, since excessive exhaust gas is generated, through generator, surplus energy from the gas efficiently converts mechanical energy into electrical energy, which is then stored into the battery. Therefore, since compared to conventional engine, the exhaust gas is used efficiently, it is effective in reducing greenhouse gas.
Surface Mounted Permanent magnet Motor (SPM) is considered a suitable candidate for E-TCS due to high efficiency and power density, small size and low weight. On the other hand, in case of super high speed motor, due to the limitation of carrier frequency of inverter, the number of poles should be minimized [3] . Furthermore, additional sleeve material is essential to protect permanent magnet (PM) from scattering by the tangential force during high speed operation. The sleeve material should be non-conductive to minimize eddy current losses. For this purpose, Inconel 718 has been adopted as sleeve material in this paper for its low conductivity and high tensile strength. Depending on the PM diameter and rotor speed, the sleeve may be needed to limit the tangential force stress [4] . However, since the permeability of the sleeve is same as airgap, the sleeve thickness should be minimized. Therefore, through mechanical analysis, appropriate sleeve thickness is needed to be determined. Furthermore, with same constraints such as current density, current and volume, the output performances are different according to the ratio of loading. Therefore, appropriate model is applied to the E-TCS by electromagnetic analysis. In this paper, optimized motor is designed to satisfy mechanical constraint and electromagnetic requirement. In Section II, constraint condition and requirement of the motor are presented. Furthermore, overall process of the motor for E-TCS is suggested. In Section III, different rotor models that satisfy mechanical safety factor more than 1.6 according to the thickness of PM and sleeve are predicted by the basic theory. Furthermore, each model is analyzed by FEM. In Section IV, output characteristics of the models from Section III with same conditions are compared. 
OBJECTIVE & METHOD:

Section II -Constraint & Requirement
The constraints of motor/generator for E-TCS are presented in Table 1 . Due to operating at super high speed, carrier frequency of inverter constrains the number of pole. In Fig. ( 2) E-TCS due to the constraint of limited inverter carrier frequency, the pole of the motor is selected as 2. Furthermore, minimum safety factor is set as 1.6 in this paper. For material of PM, because of the high operation temperature, the SmCo (2:17) is used which has great performance for demagnetization in high temperature. 
Fig. (2).
Design process of the motor for E-TCS.
Section III -Structure Analysis
Theory
Since the PM material exhibits poor mechanical characteristics, in SPM, the retaining sleeve is necessary [5] . Considerable candidates for the sleeves are non-ferromagnetic and have high yield stresses. The electric conductivity of the Inconel 718 is which is 2.5 times lower than 35PN230. Furthermore, due to high yield strength, the Inconel 718 is appropriate to use as sleeve in SPM. Before manufacturing super high speed motor, securing enough safety factor that describes the load carrying capacity of a system beyond the expected loads is important to keep the PM from scattering. The PM diameter and thickness of the sleeve is important to determine the safety factor. The cross section of the rotor is presented in Fig. (3) . The pressure when the rotor rotates is proportional to the diameter of the PM and rotation velocity of the motor. The following equation (1) explains relationship among variables. 
P.S: Poisson's ratio
The inner pressure of the rotor is proportional to radius of the motor and proportional to the square of rotational speed of the motor. In this paper, initially three rotor models are selected. In Table ( 2) based on equation (2), maximum inner pressure of the PM which is generated -at the end-of the circle is presented for three models. As presented in Fig. (4) . the forces caused by the inner pressure is generated called circumferential stress or tangential stress. As mentioned before, for high speed operation, the retaining sleeve is necessary to the SPM to protect the PM from the forces by the inner pressure ( Table 3 ). The forces caused by pressure is related to the inner pressure and the volume of the magnet as following equation (4). When the sleeve -exists-around the PM, the total tension in the sleeve is expressed as following equation.
(5) (6) (7)
From equation (5), (6), (7) and (8), the tangential stress in sleeve is expressed as following equation (9).
(8) (9)
Furthermore, safety factor is calculated as following equation (10). The tangential stress of the sleeve is proportional to the diameter of the magnet and the inner pressure and inversely proportional to the sleeve thickness. Minimum sleeve thickness which satisfies safety factor more than 1.6 according to the diameter of magnet is calculated by equation (10). According to the sleeve thickness, tangential stress and safety factor for PM diameter 20mm are shown in Table 4 . 
Simulation
In the previous section 3.1, appropriate sleeve thickness that satisfies safety factor constraint according to the magnet diameter is predicted ( Table 5 ). In this section each models are simulated by FEM with following assumptions [6] .
Constant speed in the steady state (maximum speed) Thermal effects neglected; Yield indicated by planar Von Mises st Electromagnetic force considered negligible; Rotor eccentricity and vibration neglected In Figs. (5, 7 and 9) , the analysis result of the inner pressure of the magnet and in Figs. (6, 8 and 10 ) the results of tangential stress in the sleeve according to PM -diameter are shown-. 
Section IV -Electromagnetic Analysis
The main objective of this section is to compare the output characteristic of the different rotors. From same stator constraint of the outer diameter, as the magnet and sleeve thickness increased, the slot area of the stator should be changed. Therefore, the number of turns of the coil is changed according to the rotors. Furthermore, for equivalent comparison, the yoke thickness and teeth width is needed to be adjusted according to the number of turns. In Figs. (11~13) the flux density distribution is shown according to the different models. All models have almost same flux distribution on the yoke and teeth in order to apply same constraint condition. Additionally, the slot area for the coils is calculated by same current density and current respectively. With same constraints three different PM machines are investigated and compared. Fig. (11) . PM 20 mm. 
Machine Losses
1) Copper Loss:
The copper loss dealt with this paper concerns the dc loss only. AC loss due to skin and proximity effects is neglected. Analytically, the copper loss for one phase can be determined as equation (11) (11)
The winding resistance calculation expression is given as equation (12) A C : The slot area (mm 2 )
In Table 6 , copper loss at rated speed is presented. The copper loss which is relatively influential element to the efficiency at low speed is the smallest in model 2 due to low phase resistance and current value Table 7 . 2) Core Losses: The core loss is composed of the the eddy-current loss and the hysteresis loss, and can be approximately expressed as equation (13) 
Torque & Efficiency
Except for the mechanical losses, the overall losses that are determined in the previous sections are considered to drive the machine efficiency. In Table 9 , the efficiency of three machine types is compared. For model 2, the machine efficiency is higher than the other models at the rated speed. Furthermore, as rated torque is 2.39, only model 2 satisfies the requirement (Table 10 ). 
RESULT AND CONCLUSION
This paper has dealt with the mechanical and electromagnetic analysis of three different models according to the magnet and sleeve thickness for E-TCS motor/generator. Since the inner pressure of the magnet is proportional to the square of the rotational speed, in very high speed, securing enough sleeve thickness is important. However, as sleeve material has the same permeability as airgap, thickness should be minimized to increase torque density. From mechanical analysis, optimized sleeve thickness is determined according to the magnet dimensions. Furthermore, in limited volume condition, as the rotor dimension increases, the slot area of the stator is needed to be decreased. Based on the results of the electromagnetic analysis, the appropriate ratio of electric and magnetic loading -is-determined with equivalent constraint condition. Consequently, only model 2 -satisfies-the requirement at rated and maximum speed within the current limit.
